Abstract. Femtosecond lasers have been widely used in laser surgery as an instrument for contact-free tissue removal of hard dental, restorative materials, and osseous tissues, complementing conventional drilling or cutting tools. In order to obtain a laser system that provides an ablation efficiency comparable to mechanical instruments, the laser pulse rate must be maximal without causing thermal damage. The aim of this study was to compare the different morphological characteristics of the hard tissue after exposure to lasers operating in the femtosecond pulse regime. Two different kinds of samples were irradiated: dentin from human extracted teeth and bovine femur samples. Different procedures were applied, while paying special care to preserving the structures. The incubation factor S was calculated to be 0.788 AE 0.004 for the bovine femur bone. These results indicate that the incubation effect is still substantial during the femtosecond laser ablation of hard tissues. The plasma-induced ablation has reduced side effects, i.e., we observe less thermal and mechanical damage when using a superficial femtosecond laser irradiation close to the threshold conditions. In the femtosecond regime, the morphology characteristics of the cavity were strongly influenced by the change of the effective number of pulses.
Introduction
Femtosecond lasers have been used widely in laser surgery for contact-free tissue removal. Targets as hard dental, 1,2 restorative materials, 3, 4 and bone tissues 5, 6 have been studied with lasers in order to complement conventional drilling or cutting tools.
Use of ultrafast laser pulses to modify, sculpture, and remove various materials has recently made a breakthrough. 7 Different lasers have been evaluated for the removal and preparation of hard dental tissues and bones, and some of these are already in clinical use. [8] [9] [10] Among the possible applications of femtosecond laser systems, their ability to cut bone in surgical applications without vibration and thermal damage presents numerous advantages over the use of other mechanical instruments. As the mechanical vibration can reduce surgical precision, 6 and the rotational trajectories on the tissue can lead to collateral damage, 5, 11 and, in fact, as the most important feature of conservative surgery is high precision, this is something an ultrafast laser can offer. Still, it is heavily debated whether the laser can replace mechanical instruments for many other applications working with hard tissues. 12 One of the biggest limitations is the slow rate of material removal, and then, in many cases, the usually unacceptable collateral damage, which is caused by overheating.
In order to obtain a laser system that has an ablation efficiency comparable to mechanical instruments, the laser pulse rate must be maximal without causing thermal damage. If the repetition rate is very high, the incoming pulses may interact with the plasma, which is highly absorbing, and lead to heat generation in the sample. Additionally, the presence of plume ejected from the target may also hinder incoming pulses from reaching the target and thereby reduce the ablation efficiency. Thus the optimal laser system should have a repetition rate fast enough to maximize tissue removal, while allowing enough time for the plasma and plume to dissipate. 6 High power densities (intensity or irradiance) could promote induced ablation by plasma, resulting in more precise and well-defined cavity edges. Certainly, ultrashort pulses have been identified as an alternative, and several indications to use femtosecond pulse ablation are under investigation. [2] [3] [4] [5] The advantages of femtosecond microsurgery lasers, including the high structural precision and a small thermally affected area may be more effectively obtained during a microdrilling close to the ablation threshold conditions, i.e., using a minimal fluence necessary for material ablation. 13 The laser ablation in the femtosecond regime also has advantages regarding chemical attacks, such as the removal of calcium ion, trainers, which play an important role to keep the cariogenic resistance within those oral cavity tissues. 14 Femtosecond lasers can be used to reduce thermal influence due to a lower heat present when compared to lasers with long pulses. A lower heat is present because, when using femtosecond lasers, the fluence needed for achieving micropores is magnitudes smaller than when using ns lasers for the same repetition rate and wavelength. The noncreation of microcracks for short pulses is of great importance in dentistry because microcracks would weaken the tissue and increase external permeability, therefore resulting in new tooth decay. 13 A comparative study of the different morphological characteristics of the hard tissue after exposure to the lasers operating in the femtosecond pulse regime was done. The study aims at removing the superficial tissues and making sure to preserve the structure of the sample at the same time. The preservation of the remaining tissue may be important for various surgical applications including implants. The threshold condition for femtosecond laser pulses to ablate bovine femur was also determined in this paper.
Materials and Methods
A Ti: Sapphire femtosecond (Libra-S, Coherent, Palo Alto, CA, USA) laser was used in this study emitting pulses of approximately 70 fs, the emission being centered at a wavelength of 801 nm and operating at a pulse repetition rate of 10 to 1000 Hz or in the single shot mode. The pulse duration of 70 fs was measured using a second-order autocorrelator (Coherent, SSA™).
In this study, two different kinds of samples were irradiated: dentin from human extracted teeth and bovine femur cortical pieces. These pieces were polished to obtain a smooth and level surface.
We used fresh bovine femur and six human teeth (third molar) newly extracted following an orthodontic indication. The bovine bone was cut into six pieces of 10 mm × 5 mm × 2 mm. The teeth were cut into two parts, excluding the root part and keeping the crown part. All tissues were included in a polyester resin so that the surface of all could be positioned strictly perpendicular to the laser beam. The samples were polished in a politriz machine, using sandpaper water increasing the grain (up to 600 grit). The teeth were polished until the dentin was exposed.
The samples were positioned on a sample stage with x − y − z axis. Using highly reflective coated dielectric mirrors, the beam was passed through a 200-mm focal length lens before reaching the target sample.
The samples were irradiated using different energy levels per pulse (EPP) <1 mJ and different operation modes, with the single shot mode or with a repetition rate between 10 and 1000 Hz. Irradiation times were controlled by a mechanical shutter. The laser system was operated without an additional cooling system.
After each irradiation, the samples were prepared following a defined routine and then transferred to the scanning electron microscope (SEM) to evaluate the morphological variations of the irradiated hard materials and to measure the diameters of the ablation craters.
Results and Discussion
Hard tissues were used to determine conditions of the ablation threshold, 13 using both simple and multiple pulses for different laser fluences. In order to determine precisely the threshold of the modified structure, the laser beam diameter on the surface of the target and the energy of the laser pulse must be known. For a Gaussian laser beam, the spatial variation of the fluence of the laser can be represented by:
where r is the distance from the beam center, w 0 is the beam waist, i.e., the radius of the laser spot on the target surface at 1∕e 2 of the peak fluence F 0 , and E p is the incident laser pulse energy. When the threshold of the laser fluence is denoted by Fth, the radius (r a ) or diameter (D ¼ 2r a ) of the cavity ablation can be written in terms of peak fluence as in Ref. 15 :
To apply Eq. (2) to determine the radius of the spot radius w 0 , precise measurements of the diameter are necessary, especially when we consider the typical asymmetry of cavities. For these measurements, the shape of the cavities was almost circular, as seen in the SEM image, although the actual cavities are not perfectly circular. Figure 1 shows the results of the measurements of the diameter of the cavity squared, as a function of the laser fluence peak on a semi-logarithmic scale, for the bovine femur. This chart allows calculating the radius of the laser beam, based on a graph obtained by fitting the experimental data. The radius of the laser spot was estimated to be 45 AE 1 μm and 44 AE 1.6 μm for samples irradiated with 1000 to 100 pulses, respectively. For the effective number of pulses N ¼ 10 pulses and single pulse, the spot radius was estimated to be 51 AE 5.9 μm and 35 AE 2.6 μm, respectively. As it is difficult to judge the diameter for a few short pulses, due to their structures being much less pronounced and highly influenced by statistical processes, therefore the laser spot size changes for the different measurements with different effective number of pulses.
From the lines in Fig. 1 , the fluence ablation threshold (Fth) was determined by locating the value of fluence where the fitted line crosses the x-axis for 1, 10, 100, and 1000 pulses; the threshold values obtained were 1.06, 0.59, 0.27, and 0.23 J∕cm 2 , respectively. This method to determine the ablation threshold is usually used for other materials, e.g. ceramic dielectrics 16, 17 and hard dental tissue. 7 There are also other geometric methods used to determine the damage threshold due to ablation. 18 One of these methods consists in the formation of a superficial damage profile for a sample motion across the laser focus. A simple measurement of the maximal crosssectional dimension of the damage profile, which depends only on the power of the laser beam, is used to compute the local intensity threshold. Girard et al. determined the ablation threshold for bone tissues to be 0.69 J∕cm 2 through direct analysis of the SEM images. 5 The value found by Girard et al. was higher than the one we found in this study (0.23 J∕cm 2 ), although both studies were performed working with a repetition rate of 1 kHz, but Girard et al. were using a pulse width of 200 fs. Since a longer pulse duration has been used, the ablation threshold is increased because the maximum intensity is reduced for similar fluences, and less electrons are generated from multiphoton processes. One of the effects of incubation for bovine femur investigated was to study the reduction of the fluence ablation threshold when we increased the number of pulses. 16 Ablation was observed in these tissues and shown in Fig. 2 , where the threshold decreases continuously when the number N of pulses is increased from 1 to 10, 100 or 1000. This reduced threshold during accumulative ablation (Fth, N) can be represented by: 14, 16, 17 F th;N¼ F th;1 N S−1 ;
where the exponent S characterizes the material's response to cumulative ablation, based on the following conditions:
(1) for S < 1, where the incubation effect exists; (2) for S ¼ 1, where the fluence at the threshold conditions is independent of the number of pulses; and (3) for S > 1, where the material becomes stronger during cumulative ablation, 16 i.e., the ablation efficiency decreases.
From Eq. (3), the incubation factor was calculated to be S ¼ 0.788 AE 0.004 for the bovine femur. This result shows that the effect of incubation is also substantial during ablation of the bone using the femtosecond laser. Incubation effects can become significant and may change the structure of the tissue during the process. These effects can result in a lowered ablation threshold for subsequent pulses, thereby changing the overall ablation dynamics. Depending on the geometry of the ablation region and of the laser system operation (for example, repetition rate and exposure time), multipulse exposure may also cause beam distortion and shadowing effects as well as light scattering due to residual debris.
In Fig. 3 we show SEM microimages of the bone tissue irradiated with a femtosecond laser, with a varying effective number of pulses of the laser.
From Fig. 3 we see that it was sufficient to use only one femtosecond pulse [ Fig. 3(a) ] with a fluence of 1 J∕cm 2 in order to modify the surface of the tissue. Using an effective number of pulses N ¼ 10 pulses, we obtained morphological variations of the tissue [see Fig. 3(b) ], and details are also shown in Fig. 3(c) . From these images we noticed that cavitation occurs, where the edges of the cavity are relatively well-defined boundaries with small exfoliations, when compared to N ¼ 1. After a more thorough analysis, we see that an exposure of bone trabeculae [see Fig. 3(c) ] takes place, and no evidence of heat damage, i.e., carbonization is visible. This is an important feature, because if we get an only superficial [see Fig. 3(c) ] ablation, we can increase the capacity of the cell adhesion to facilitate integration of the bone; for example, in the case of bone implants. When we apply 50 pulses (1 s, 50 Hz) to the tissue, [see Fig. 3(d) ] we see that, despite the beam profile not being perfectly round, the cavity does not show signs of charring or redeposition of material on its surface or its inner walls. The same occurs for N ¼ 100 pulses (1 s, 100 Hz) [Figs. 3(e) and 3(f)], without effect of a thermal (carbonization) or mechanical damage, with well-defined borders, and the internal walls were preserved [see Fig. 3(f) ].
As we used the laser as a surgical tool, we know that it has been suggested to work with higher repetition rates in order to obtain a higher pulse ablation rate. In Fig. 4 we present SEM microimages of the femur bovine tissue irradiated with a femtosecond laser in the focused mode using N ¼ 1000 pulses (1 s, 1 kHz).
For an energy pulse of 0.178 mJ and a pulse number of 1000 pulses [see Fig. 4(b) ], we found that the cavity still shows well-defined borders and no redeposition of material as had occurred when applying the other effective number of pulses (see Fig. 3 ). From Figs. 3 and 4 , it is obvious that the ablated volume grew when the effective number of pulses was increased, but this information was not quantified here. Moreover, despite the higher effective number of pulses (N ¼ 1000), no heat affected zones emerged and no mechanical damage, e.g. cracks, were seen. The effective number of pulses was increased, for example, from 100 to 1000 pulses, but the ablated morphological cavity did not change much because the time between the pulses continued to be quite long. The mechanisms responsible for the laser ablation were the same. The same can be observed in Fig. 4(c) and in more details in Fig. 4(d) : when we vary the fluence of the laser, the internal walls of the cavity show small regions with signs of melting, which in turn may help insulating the tissue. This phenomenon is interesting because, in order to get a precise ablation based on a nonlinear absorption (plasma-mediated ablation), low pulse energies must be used to minimize the mechanical shearing effects. 20 When multiple pulses are delivered to one single position, the degree of thermal damage can be influenced by heat accumulation. The effective number of pulses per second should be low enough to avoid the progressive accumulation of residual heat within the tissue. An alternative strategy to avoid the accumulation of heat in a hard tissue involves a scanning laser beam in order to extend the time intervals between the subsequent expositions of each location of the ablated area. 6 For boneprocessing, other systems are also under evaluation, e.g. excimer lasers, which feature a high UV absorption of electronic transitions of almost all molecules. These excimer lasers have shown a very accurate cutting, but generated zones of thermal damage of approximately 50 μm.
21,22 CO 2 lasers (wavelength 10.8 μm), aiming at the mineral component of the tissue successfully removed the tissue but may generate carbonization. 23, 24 A Er: YAG laser (wavelength 2.94 μm) with a strong water absorption became popular in the past years for applications in orthopaedical, maxilofacial, and dental surgeries and for possible use in periodontal surgery. 23, 25, 26 Carbonizations were also observed using Nd:YAG lasers, 12, 26, 27 unlike what happened in our study using a femtosecond laser.
In Fig. 5 we present micrographs obtained by SEM of human dentin irradiated with a femtosecond laser system, with the laser operating with different effective number of pulses.
In Fig. 5 we see that using only one femtosecond pulse [see Fig. 5(a) ] with a high pulse energy (0.6 mJ) was sufficient to modify the surface of the tissue. After applying five pulses in a range of 1 s per pulse, we evaluate the morphological variations of the tissue [see Fig. 5(b) ] and in more detail in Fig. 5(c) . From these images we can see that a tissue cavitation occurs, where the edges of the cavity show well-defined boundaries. After a more thorough analysis, we see that the tubules are preserved, an evidence of nonthermal damage on the ablated surface. However, in some regions the tubules were not exposed because there must have been a redeposition of material, due to insufficient energy to eject the material. The phenomena of exposition of these tubules are interesting, as it can be applied in dentistry, e.g. it could help increase the penetrability of adhesive systems used in restoration. For N ¼ 10 pulses (1 s, 10 Hz), the tubules are also exposed and preserve a healthy tissue (see Fig. 5 ). When we apply 50 pulses to the tissue, the cavity does not show signs of charring or redeposition of material on its surface or its inner walls. The same occurs for N ¼ 100 pulses (1 s, 100 Hz) [see Fig. 5(f) ] without any presence of thermal (carbonization) or mechanical damage, with well-defined borders and while preserving the internal walls. Similar results were found by Korte et al. 13 during laser ablation of dental tissue in the femtosecond regime. For lasers operating in a nanosecond (ns) pulse regime, dental tissue-ablation is less efficient and can be accompanied by collateral damage in the tissue, i.e., mechanical stress and fractures. 26 For laser ablation in picoseconds (ps), the destruction of the surrounding material is minimized due to the formation of plasma during the ablation process. 12 However, for both schemes (ns and ps) we still found evidence of thermal adjacent tissue damage.
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Conclusion
Characteristics of laser ablation on biological hard tissues, morphology, selective, and controlled ablation, all of these were addressed in this paper. We determined the conditions of the ablation threshold of bone tissues for different regimes of laser operation. A morphological comparison between the different regimes of operation has been investigated, and special care was taken to preserve the structures. The incubation factor S was calculated to be 0.788 for bovine femur bone; these results indicate that the incubation effect is also substantial during the femtosecond laser ablation of hard tissues. The induced-plasma ablation has reduced side effects, e.g. less thermal and mechanical damage, using a superficial femtosecond laser irradiation near threshold conditions. In the femtosecond regime, the morphological characteristics of the cavity were strongly influenced by a change of the effective number of pulses. But even for the highest effective number of pulses and high fluence, we do not see the secondary effect of thermal and mechanical damage in the cavities of hard tissues. Furthermore, in cases of surface treatment, a femtosecond laser proved to be an appropriate tool to process ultraconservative tissues, being efficient removing tissues and not promoting collateral damage, capable of irreversibly modifying the original structure of the tissue. This system of laser ablation in the ultrashort pulse regime proved to be effective and promising for surgical procedures to remove, cut, and modify surfaces of human dentin hard tissues and femur bones.
